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Method of depositing a barrier insulating layer with low dielectric constant on a copper film 



(57) Disclosed is a method of manufacturing a sem- 
iconductor device In which a barrier insulating film cov- 
ering a copper wiring Is formed by a plasma enhanced 
CVD method. The method comprises the steps of con- 
necting a supply power source for supplying high fre- 
quency power of a frequency of 1 MHz or more to a first 
electrode 2, and holding a substrate 21 on a second 
electrode 3 facing the first electrode 2, the substrate 21 
on which a copper wiring is fornied; supplying a film 



forming gas containing an all<yl compound and an oxy- 
gen-containing gas between the first and second elec- 
trodes 2, 3, and regulating a gas pressure of the film 
forming gas to 1 Ton* or less; and supplying the high fre- 
quency power to any one of the first and second elec- 
trodes 2, 3 to convert the film forming gas Into a plasma 
state, and allowing the all<yl compound and the oxygen- 
containing gas of the film fomiing gas to react with each 
other and thus torn a barrier Insulating film covering the 
surface of the substrate 21 . 
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Description 

BACKGROUND OF THE INVPNTTinM 
1. Field of the invention 



^^^^^^^^^ 



formed by use of a plasma enhanced CVD method. 
2. Description of the Prior Art 



SUiy/IMARY OF THE INVENTinN 
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[001 2] As described above, according to the present invention, the barrier Insulating film having a further low relative 
dielectric constant can be formed while maintaining the denseness enough to prevent the copper diffusion. 

BRIEF DESCRIPHQN OF THE DRAWINGS 

[0013] 

FIG. 1 is a side view illustrating a constitution of a plasma enhanced CVD apparatus used for a method of manu- 
facturing a semiconductor device, which is an embodiment of the present Invention. 

FIGs. 2A to 2K are charts Illustrating a film fomnlng method using particulariy effective combinations of gases and 
effective combinations of film fomiing conditions, which are the embodiment of the present invention. 
FIG. 3 is a graph illustrating a characteristic of a leakage cun-ent of a silicon-containing insulating film immediately 
after a film formation (as depo.). which is formed under a film forming condition I by a film fonning method of a first 
embodiment of the present invention. 

FIG. 4 is a graph illustrating a characteristic of the leakage current of the silicon-containing Insulating film imme- 
diately after the film formation (as depo.) and after annealing, which Is fomned under the film forming condition I 
by the film fomiing method of the first embodiment of the present invention. 

FIG. 5 Is a graph Illustrating a characteristic of a leakage cuaent of a silicon-containing insulating film Immediately 
after a film fomiation (as depo.), which is fomried under a film forming condition II by a film forming method of a 
second embodiment of the present invention. 

FIG. 6 is a graph Illustrating a characteristic of the leakage current of the silicon-containing Insulating film imme- 
diately after the film formation (as depo.) and after annealing, which is formed under the film forming condition II 
by the film forming method of the second embodiment of the present Invention. 

FIG. 7 is a graph illustrating a characterlstk: of a leakage cun^ent of a silicon-containing insulating film immediately 
after a film fomiation (as depo.), which is fomned under a film fonming condition III by a film forming method of a 
third embodiment of the present invention, 

FIG. 8 is a graph illustrating a characteristic of the leakage cun-ent of the silicon-containing Insulating film Imme- 
diately after the film formation (as depo.) and after annealing, which is fonned under the film forming condition III 
by the film forming method of the third embodiment of the present invention. 

FIG, 5 Is a graph illustrating states of a change of a relative dielectric constant (k) of an Insulating film relative to 
a gas pressure (P) of a film fonning gas, and a relationship of a dielectric breakdown-resistance of the Insulating 
film after annealing with the gas pressure (P) and the relative dielectric constant (k), for the insulating film which 
is prepared under a film fomiing condition IV by a film fonning method of a fourth embodiment of the present 
Invention. 

FIG. 10 is a graph Illustrating a banier property for copper in the Insulating film prepared under the condition IV 
by the film forming method of the fourth embodiment of the present invention. 

FIG. 11 Is a graph illustrating states of a change of a relative dielectric constant (k) of an insulating film relative to 
a N2O gas flow rate in a film forming gas, and a relationship of a dielectric breakdown-resistance of the insulating 
film after annealing with the NgO gas flow rate and the relative dielectric constant (k), for the Insulating film which 
is prepared under afilm fonning condition V by a film fonning method of a fifth embodiment of the present invention. 
FIG 12 Is a graph illustrating states of a change of a relative dielectric constant (k) of an insulating film relative to 
a He gas flow rate in a film fonning gas, and a relationship of a dielectric breakdown-resistance of the insulating 
film after annealing with the He gas flow rate and the relative dielectric constant (k), for the insulating film which 
Is prepared under a film fomiing condition VI by a film fonning method of a sixth embodiment of the present Inven- 
tion. 

FIG. 13 Is a graph Illustrating states of a change of a relative dielectric constant (k) of an Insulating film relative to 
a NgO gas flow rate in a film fomriing gas, and a relationship of a dielectric breakdown-resistance of the insulating 
film after annealing with the NgO gas flow rate and the relative dielectric constant (k). for the insulating film which 
is prepared under a film fonning condition VII by a film fonning method of a seventh embodiment of the present 
invention. 

FIG. 14 Is a graph Illustrating states of a change of a relative dielectric constant (k) of an insulating film relative to 
a NH3 gas flow rate In a film fonning gas, and a relationship of a dlelectrte breakdown-resistance of the insulating 
film after annealing with the NH3 gas flow rate and the relative dielectric constant (k), for the insulating film which 
Is prepared under a film fonning condition VIII by a film fonning method of an eighth embodiment of the present 
Invention. 

FIG. 15 is a graph Illustrating states of a change of a relative dielectric constant (k) of an underlying film of two 
Insulating films relative to sorts of the underiying film and gas pressure (P) of a film fonning gas, for the underiying 
film which are prepared under a film fonning condition IX' by a film fonning method of a ninth embodiment of the 
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present invention. 



DESCRIPTION OF THE PREFERRED EMBODIi>/IENTS 

[00141 ^'''^^'-ntsofthepresentlnvenuonwillbedescribedwithrefe^^^^ 

P^iTKnt^^^^^^^ 

exiiaustion pipe 4; Pressure measurement m<.an« c^h f ^ exhaustion devrce 6 Is provided in the 

Chamber 1 provide^Tn tie chZTr '^"^^ P^^^"'^ the 

supplying high frequency elect^o^r ofTCe^cS^^^^^^ ^"PP'^ ^ 

frequency electric power supdIv source Tfor cTnt? ? , connected to the upper electrode 2. A low 

connected to thelo^e^SaChiah^^^^^^^^^^^^ ^ ^'^''"^^'^ 380 "^Hz is 

the high frequency ele^ovJrLIS^so^^^^^^^ 
toapfasma TTie wtS^e2 Ko^^^^ 

means for converting the film fon^'C^^^^^^^ 

high frequency\lecS^cX?Jnhefrequ^^^^^ 2Tf S "I?*"' ^^'^ 

1 MHzormo2canbeip.iedtoreS":S;rr^^^^^^^^ 

source is connected to the uooer eiertmriA o onH « * electrode 3. In FIG. 1 , a high frequency power 

«»..<» 7 Is c„,^t5 ruSKe" el^ZTs ^^Hl f .f"^" « '""3 "•""9" f^quem, elect* power 
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[0022] In the film forming gas supply portion 101B, there are provided a supply source for supplying an alkyi com- 
pound having a slloxane bond such as hexamethyl disiloxane (HMDSO: (CH3)3Si-0-Si(CH3)3) or the like, a supply 
source for supplying methyl sllane expressed by a general formula: SIHn(CH3)4.„ (n = 0 to 3), a supply source for 
supplying an alkyI compound having an 0-Si-O bond, a supply source for supplying hydrocarbon (C^HJ such as 
methane (CH4), acetylene (C2H2) and ethylene {C2H4), a supply source for supplying an oxygen-contalning gas such 
as oxygen (Og), dinitrogen monoxide (N2O), water (HgO), carbon dioxide (CO2), a supply source for supplying ammo- 
nium (NH3). a supply source for supplying an dilution gas fomied of at least any one of He and Ar (inert gas), and a 
supply source for supplying nitrogen (N2) that is also an inert gas. 

[00231 These gases are suitably supplied to the chamber 1 1n the film fomning portion 1 01 A through branch pipes 9b 
to 9i and the pipe 9a connected to the branch pipes 9b to 91. In the respective branch pipes 9b to 91, there are provided 
flow rate adjusting means 1 1 a to 11 h and open/close means 1 0b to 1 0n and 1 0p to 1 0r for controlling communication/ 
noncommunication of the branch pipes 9b to 9i. Open/close means 10a for opening/ciosing the pipe 9a is provided in 
the pipe 9a. Moreover, close/open means 10s to lOx for controlling communication/noncommunication between the 
branch pipe 9i connected to the supply source of a N2 gas and the other branch pipes 9b and 9g are provided in order 
to purge a residual gas in the branch pipes 9b to 9g by allowing the Ng gas to flow therethrough. Note that the Ng gas 
is used also for purging a residual gas In the pipe 9a and the chamber 1 as well as In the branch pipes 9b to 9g, 
Moreover, the Ng gas Is In some cases used as the film fonnlng gas. 

[0024] According to the film fonnation apparatus 1 01 as described above, there are provided the supply source for 
supplying the alkyI compound having the slloxane bond such as hexamethyl disiloxane (HMDSO), the supply source 
for supplying methyl sllane expressed by general fonnula: SiHn(CH3)4.n (n = 0 to 3), the supply source for supplying 
the alkyI compound having the O-Si-O bond, the supply source for supplying hydrocarbon (C^Hp), the supply source 
for supplying the oxygen-contalning gas such as oxygen (Og), dinitrogen monoxide (N2O), water (H2O), carbon dioxide 
(CO2), the supply source for supplying ammonium (NH3), the supply source for supplying the dilution gas fornied of at 
least any one of He and Ar (inert gas), and the supply source for supplying nitrogen (Ng) that is also an inert gas. 
Moreover,. plasma generating means 2, 3, 7 and 8 for converting the film fomiing gas into a plasma are provided. 
[0025] Thus, It is possible to form a barrier insulating film with a low dielectric constant and high denseness, whteh 
Is capable of suppressing copper diffusion, by use of a plasma enhanced CVD method described below. 
[0026] FIG. 19 is a sectional view of a semiconductor device in which the above film fomiing method is applied to a 
barrier insulating film covering a wiring made mainly of copper. In FIG.19, films denoted by symbols 35a, 39 are the 
barrier insulating films covering a lower wiring and upper wiring made mainly of copper, respectively. 
[0027] In the semiconductor device, there are laminated a lower wiring bemed insulating film 32, an inter wiring layer 
insulating film 35 and an upper wiring berried insulating film 36 on the substrate 31 . The wiring bemed insulating film 
32, 36 both are fornied of a low dielectric insulating film, and the inter wiring layer insulating film 35 Is formed of a two- 
layered structure of the ban^ier Insulating film and a low dielectric Insulating film. 

[0028] The tower wiring 34 is benied in a wiring trench 32a of the wiring berried insulating film 32, and the upper 
wiring 38 is bemed in a wiring trench 36a of the wiring berried insulating film 36. The lower wiring 34 and the upper 
wiring 38 are connected with each other by a connection conductor 37 bemed in a via hole 35a formed through the 
inter wiring layer insulating film 35. The lower wiring 34, the connection conductor 37 and the upper wiring 38 are 
fomied of main copper films 34b, 37b. 38b, and bamer metal films 34a, 37a, 38a which protect lower parts and side 
portions of main copper films 34b, 37b, 38b. The barrier insulating films 35a, 39 cover the upper surfaces of the copper 
films 34b, 38b, respectively. 

[0029] Next, there will be made descriptions for an alkyI compound having a siloxane bond, methyl sllane, an alkyI 
compound having an O-Si-O bond, and hydrocartDon, which are the film fomiing gas of the bamer insulating film used 
for the present invention. 

[0030] The following can be used as the representative example. 

(0 alkyI compound having a siloxane bond 

hexamethyldisiloxane (HMDSO: (CH3)3Sj-0-Si{CH3)3) 
octamethylcyclotetraslloxane (OMCTS) 
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I I 
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octamethyltrisitexane (OMTS) 



CH3 CH3 CH3 

i I I 

CH3 — Si — 0 — Si — 0 —Si — CHa 

I I I 

CHs CH3 CH3 

(ii) methyl sllane (SiH„(CH3)4^: n = 0 to 3) 

monomethylsilane (SiH3(CH3)) 
dimethylsilane (SiH4(CH3)2) 
trimethylsllane (SiH(CH3)3) 
tetramethylsilane (Si(CH3)4) 

(iii) alkyi compound having an 0-Si-O bond 

compound having a structural formula of CH3-0-Si(CH3)2-0-CH3 

(iv) hydrocarbon (C„Hn) 

methane (CH4) 
acetylene (CgHa) 



t 
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ethylene (C2H4) 

(Description of a film forming method of an embodiment of the present Invention) 

[0031] Next, a film fomriing method using a particularly effective combination of gases and an effective combination 
of film forming conditions, which is the embodiment of the present invention, will be described with reference to FIGs 
2A to 2K. 

[0032] These drawings are charts illustrating a timing of an introductions of each gas composing the film forming 
gas into the chamber 1, conditions of a gas flow rate and gas pressure during the film fomiation, and a method of 
applying high frequency power and low frequency power applied to two electrodes of parallel plate type during the film 
fomriation. 

[0033] Among these drawings. FIGs. 2A to 2E illustrates the charts of the method of forming a silicon-containing 
Insulating film by use of a film fomilng gas composed of at least an alkyi compound and an oxygen-containing gas. 
[0034] In FIG. 2A, the pressure of the film forming gas introduced into the chamber 1 is regulated to 1 Torr or less, 
and high frequency power is applied to any one of the lower and upper electrodes 2 and 3, thus converting the film 
forming gas into a plasma state. The chart of FIG. 2B differs from that of FIG. 2A in that the film fonnation is carried 
out while Increasing the pressure of the film forming gas from low pressure to 1 Torr gradually. The chart of FIG. 2C 
differs from that of FIG. 2A In that the pressure of the film fomilng gas Introduced Into the chamber 1 1s regulated to 1 
Torr or less for a certain period of time at the eariy stage of the film fomriation, and then regulated to a higher pressure 
than 1 Torr after passage of the certain period of time. The chart of FIG. 2D differs from that of FIG. 2A in that high 
frequency power is applied to any one of the upper and lower electrodes 2 and 3 and low frequency power Is applied 
to the other electrode for a certain period of time at the eariy stage of the film fomnatlon. The chart of FIG. 2E differs 
from that of FIG. 2A In that the flow rate of the oxygen-containing gas of the film fomilng gas is made to be high for a 
certain period of time at the eariy stage of the film fomiatlon and Is made to be low after passage of the certain period 
of time. 

[0035] Moreover, in FIGs. 2F to 2K described below, on the assunnption that the gases shown in the drawings are 
composed by adding these gases to other gases, only conditions under which each of the gases Is added to other 

gases are Illustrated. 

[0036] FIGs. 2F to 2H are charts when the film fonnation is carried out by use of a film fomriing gas containing dilution 
gas. 

[0037] In FIG. 2F. the dilution gas of an ordinary flow rate Is added. The chart of FIG. 2G differs from that of FIG. 2F 
In that the flow rate of the dilution gas Is increased. The chart of FIG. 2H differs from that of FIG. 2F In that the flow 
rate of the dilution gas is increased for a certain period of time at the eariy stage of the film fonnation and, then, Is 
lowered after passage of the certain period of time. 

[0038] FIGs. 21 to 2J are charts when the film fonnation Is earned out by use of a film forming gas containing at least 
any one of an ammonium gas and a nitrogen gas. 

[0039] In the chart of FIG. 21, at least any one of the ammonium gas and the nitrogen gas Is added through the entire 
period of the film formation. The chart of FIG. 2J differs from that of FIG. 2! In that at least any one of the ammonium 
gas and the nitrogen gas is supplied only for a certain period of time at the early stage of the film formation. 
[0040] The combinations of the gases illustrated in FIGS. 2F to 2K and other gases are realized by the following 
methods (a) to (c). (a) The gas of FIGs. 2B, 2D or 2E and any one of gases of FIGs. 2F to 2K can be combined, (b) 
The gas obtained by combining the gas of FIGs. 2B. 2D or 2E with any one of the gases of FIGs. 2F to 2H can be 
combined with any one of gases of FIGs. 21 to 2J. Moreover (c) each gas obtained as a result of the combinations of 
(b) can be combined with the gas of FIG. 2K. 

[0041] By use of the film fomning gas which Is converted Into a plasma state only by the high frequency power, a low 
relative dielectric constant can be achieved. Furthermore, It is possible to maintain denseness of the Insulatlrig film 
enough to prevent copper diffusion by controlling the pressure of the film fomdlng gas to 1 Ton- or less at least at the 
early stage of the film fonnation. 

[0042] By forming the film while gradually increasing the pressure of the film forming gas from low pressure to 1 Torr, 
a dense film can be obtained at the portion closer to the wiring or the electrode mainly fonned of the copper film, and 
a film with a lower dielectric constant can be obtained as the film Is apart from the wiring or the electrode. 
[O043] Moreover, the denseness can be enhanced by adding ammonium (NHg) or nitrogen (Ng) to the film forming 
gas at least at the early stage of the film fonnation, or by using the film fonning gas containing the dilution gas composed 
of He, or by using the film fonning gas increasing the flow rate of the dilution gas at least at the early stage of the film 
formation, or by applying bias power of the low frequency at the early stage of the film fonnation. 
[0044] Moreover, by adding the hydrocartDon, it Is possible to enhance an etching resistance to an etchant of the low 
dielectric constant film formed on the banier insulating film. 

[O045] As described above, the film fonnation Is carried out by use of a plasma enhanced CVD method to which the 
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apparatus. ^'^""''"^^"^'"'"'^^P''^' by use of the foregoing pte^^^ 



(1) First embodiment 

(Treatment prior to film fomiation) 
'5 [0047] 



(i) treatment gas: NH3 

gas flow rate: 500 seem 
gas pressure: 1 Torr 

(ii) condition for plasma fonnation 

frequency: 13.66 MHz 
power: 100 W 
time: 1 0 seconds 

(ill) substrate heating temperature: 376 
(Rim fonning condition I) 
[0048] 



35 



40 



(i) condition of film fomiing gas 

HfVIDSO flow rate: 50 seem 
N2O flow rate: 400 seem 
He flow rate: 400 seem 
gas pressure: 1 Torr 

(ii) condition for plasma fomiation 



high frequency power (13,56 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(ill) substrate heating temperature: 375 «»c 
(iv) formed silicon-containing insulating film 

film thickness: 100 nm 
relative dielectric constant: 2.89 

(Annealing condition) 

[0049] 



temperature: 460 **C 
treatment time: 4 hours 
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[0050] In the measurement of the relative dielectric constant, a mercury probe having an electrode area of 0.0226 
cm2 was allowed to touch the surface of the silicon-containing insulating film. Then, a DC bias voltage was applied to 
the mercury probe along with a small signal voltage of 1 MHz. The relative dielectric constant was obtained by per- 
fomrilng a conversion from the measured C-V characteristics. 

[0051] Moreover, in the measurement of the leakage cun-ent and the dielectric breakdown-resistance, the copper 
film was grounded and a negative voltage was applied to the mercury probe. 

[0052] The results obtained by measuring the leakage cun-ent and the dielectric breakdown-resistance are shown 
In FIG. 3 and FIG. 4. FIG. 3 and FIG. 4 are graphs obtained by examining the leakage current and the dielectric 
breakdown-resistance, the leakage cun-ent flowing between the mercury probe and the copper film which sandwich 
the silicon-containing insulating film therebetween. FIG. 3 shows the results obtained by examination immediately after 
fomiing the silicon-containing insulating film. FIG. 4 shows the results obtained by examination after forming the silicon- 
containing Insulating film and after annealing the silicon-containing insulating film under the foregoing conditions. 
[0053] The ordinate of FIG. 3 Indicates a leakage cun-ent density (A/cm^) expressed by a logarithmte scale, and the 
abscissa of FIG. 3 indicates an intensity (MV/cm) of electric field expressed by a linear scale, the electric field being 
applied to the silicon-containing insulating film. Note that the negative sign of the abscissa expresses that a negative 
potential is applied to the silicon-containing insulating film. FIG. 4 shows the same aspect as FIG. 3. 
[0054] As shown In FIG. 3 and FIG. 4, the leakage current Is nearly equal to 10*10 A/cm^ when the Intensity of the 
electric field Is -1 MV/cm. All over the measurement ranges of the electric field Intensity, the leakage cun-ent hardly 
changes before and after the performance of annealing. 

[0055] The fact that the leakage current rapidly rises up between -4 MV/cm and -5 MV/cm in FIGs. 3 and 4 Implies 
the occun^nce of the dielectric breakdown In the silicon-containing insulating film due to the electric field. The electric 
filed at which the dielectric breakdown occurs decreases a little after annealing. The electric field intensity at which the 
dielectric breakdown occurs is equal to -4 MV/cm or more, and this electric filed intensity is close to the substantial 
dielectric breakdown-resistance of the Insulating film Itself. This result shows that the copper diffusion is suppressed. 
[0056] In the foregoing descriptions, though HMDSO having the slloxane bond is used as the alkyi compound, fore- 
going other alkyI compounds having the siloxane bond, for example, octamethylcyclotetrasiloxane (OMCTS), tetram- 
ethylcyclotetraslloxane (TMCTS) or octamethyMrisiloxane (OMTS) can be used. Further, methylsilane (SiHn(CH3)4.n: 
n=:0 to 3) or an alkyI compound having an O^i-O bond can be used. 

(2) Second embodiment 

As a sample, after a surface oxide film on a copper film was removed by a treatment prior to a film fonnation 
similarly to the first embodiment, a silicon-containing insulating film was fomied on the copper film. The silicon- 
containing Insulating film was fomied under the following film fomriing conditions by use of a plasma enhanced 
CVD method. 

As the sample, the silicon-containing insulating film was formed under the following film fomiing conditions by 
use of the plasma enhanced CVD method. Note that treatment conditions prior to the film formation and annealing 
conditions are the same as those of the first embodiment. 

(Film fomiing conditton II) 

[0057] 

(I) condition of film forming gas 

HMDSO flow rate: 50 seem 
N2O flow rate: 400 seem 
He flow rate: 400 seem 
gas pressure: 0.5 Ton- 

(II) condition for plasma formation 

high frequency power (13.56 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(ill) substrate heating temperature: 375 ""C 
(Iv) fomfied sllicon*contalning Insulating film 

film thickness: 100 nm 
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V 



relative dielectric constant: 3.47 



Acoortling to the measurement result, the relative dielectric constant was 3.47 as described above 

6 a.^ graphs obtained by examining the leakage current flowing between the mercu^r pmbe and tS 0000^/ im 
^ to the foregoing sample, which sandwich the silicon^ontaining insulating film the7eb^^n fl^ s^S^!i^Z 

^^^Z^^^XL^T" ^'""^ s«icon.ont.ning insula^ f„. an^d a«er ann^t: 
«h J?^ °?c.?* f"!?- ® '"^'^^^^ ^ '^^''^S^ *fe"««y (A/"^ expressed by a logarithmic scale and the 

^Jie ^Sfof "^'^^^ ^"'^ ^"^^^•'^ P^'^orrr^-oe of annealing 



similarly to the first embodiment 
(3) Third embodiment 



fr..llT^^ T ^•'^f'^ '"^^ ^ '"^""^^ « ^"'^^'^^ °'''de film on a copper film was removed bv a 

orr<^prr?mtesZ""'^ 

; u?e7aXmae^hVnr^S"""^ 



(Rim fomiing condition III) 
[0058] 



(i) condition of film fomiing gas 

HMDSO flow rate: 50 seem 
NgO flow rate: 400 seem 
He flow rate: 400 seem 
NH3 gas flow rate: 200 seem 
gas pressure: 1 .0 Ton' 

(ii) condition for plasma fomnatlon 

high frequency power (13.66 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(iii) substrate heating temperature: 375 ''C 
(Iv) fonned slllcon-eoritalning insulating film 

film thickness: 100 nm 
relative dielectric constant: 3.7 



astheZTb""^*"'"'^^^^^^ 

AoDording to the ineasurement result, the relative dielectric constant was 3.7 as described above 

8 ar^T^^!Z^" T,!^'"^"" ""^^'"""^ '"^'^"9^ '^'^^"^ «™ F'G- ^ and FIG. 8. FIG. 7 and FIG 

L tTthTf " ^ ^'^'"'"^ '^^9^ '^"^"^ the mercury pmbe and the copper f lm 

^e^u^ oSS.r''^' Silicon-containing insulting film therebetween Fia'Z^te" 

theresulteobteinedbyexaminationimmediatelyafterfomiingthesilicon-containinglnsulatingfilm FIG an^Z 
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The ordinate of FIG. 7 indicates a leakage current density (A/cm^) expressed by a logarithmic scale, and the 
abscissa of FIG. 7 indicates an intensity (MV/cm) of electric field expressed by a linear scale, the electric field 
being applied to the silicon-containing insulating film. FIG. 8 illustrates the same aspect as FIG. 7. 

As Illustrated in FIG. 7 and FIG. 8, the leakage current Is equal to 1 0-^ A/cm^ when the intensity of the electric 
field is -1 MV/cm Immediately afterthe film fomiation. After annealing, the leakage current hardly changes its value 
from that before annealing, except that it decreased a little around -4 MV/cm of the electric field intensity. 

The Intensity of the electric field at which the dielectric breakdown of the silicon-containing insulating film 
occurs also ranged between -4 MV/cm and -5 MV/em, and this fact implies that the copper diffusion is suppressed 
similarly to the first and second embodiments. 
(4) Fourth embodiment 

A fourth embodiment of the present invention will be described with reference to FIG. 9 and FIG. 10. 

FIG. 9 is a graph Illustrating states of a change of a relative dielectric constant (k) of an insulating film relative 
to a gas pressure (P) of a film fomnlng gas and a relationship of a dielectric breakdown-resistance of the Insulating 
film after annealing with the gas pressure (P) and the relative dielectric constant (k). FIG. 1 0 is a graph illustrating 
a barrier property of the insulating film for copper, for the insulating film which is prepared under a film forming 
condition IV. 

First, the preparation conditions of the samples S1 to S4 used for this Investigation will be described. The 
treatment conditions prior to the film fomiatlon and the annealing conditions after the film fomriatlon are the same 
as those of the first embodiment. The film fonnlng conditions are as follows. 

(Film fomriing condltfon IV) 

[0059] 

(i) .condition of film forming gas 

HMDSO flow rate: 60 seem 
NgO flow rate: 400 seem 

gas pressure: parameters (0.5, 0.75, 1 .0 and 1 .5 Torr, each con-esponding to the samples S1 to S4) 

(ii) condition for plasma formation 

high frequency power (13.56 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(ill) substrate heating temperature: 375 °C 
(Iv) fomned silicon-containing Insulating film 

film thickness: 1 00 nm 

relative dielectric constant: see FIG. 9 

[0060] Measurement of the relative dielectric constant was conducted before annealing In the same manner as the 
first embodiment. Measurement of the dielectric breakdown-resistance was conducted in the same manner as that of 
the measurement method of the leakage cun-ent of the first embodiment. Examinatton of the barrier property of the 
formed Insulating film for copper was conducted by SIMS (Secondary Ion Mass Spectroscopy). 
[0061] FIG. 9 is the graph Illustrating states of the change of the relative dielectric constant (k) of the insulating film 
relative to the gas pressure (P) of the film forming gas and the relationship of the dielectric breakdown-resistance of 
the insulating film after annealing with the gas pressure (P) and the relative dielectric constant (k). 
[0062] In FIG. 9, the ordinate Indicates the relative dielectric constant (k) expressed by a llnearscale, and the abscissa 
indicates the gas pressure (P) (Ton-) of the film fomning gas, which Is expressed by a linear scale. Moreover, the meas- 
urement points are expressed by the symbol Q In this case, the symbol # in the symbol O Indicates that all of the five 
measurement samples are not broken during the dielectric breakdown-resistance test after annealing. The symbol X 
in the symbol O Indicates that all of the five measurement samples are broken. Moreover, the symbol A Indicates that 
one or two measurement samples among the five measurement samples are broken. A sample in which current flows 
through the insulating film from the eariy stage of voltage application to the Insulating film was judged to be broken, 
and a sample, in which though the dielectric breakdown voltage decreased after annealing, the insulating film showed 
the breakdown voltage to some degree, was judged to be sound. This is applied also for fifth to tenth embodiments to 
be described below. 
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[0066] According to the results shown in FIG. 1 0. anv of the samnles <51 to <td • • . 

from the time when the samples SI to S4 are subiSto anniTn Inlh T '"^""^""^ 

(5) Fifth embodiment 

A fiftli embodiment of the present invention will be described with reference to FIG 11 

(Film forming condition V) 
[0068] 

(i) condition of film fomriing gas 

HMDSO flow rate: 50 seem 

!Jl°r«,*;S;~ """^ I" each co™,po„d,„g ,o ,he ^ S5 89, 

gas pressure (P): 1 Torr 

(ii) condition for plasma formation 

high frequency power (13.56 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(III) substrate heating temperature: 375 °c 
(Iv) fonned silicon-containing Insulating film 

film thickness: 100 nm 

relative dielectric constant: see FIG. 11 
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(k) decreases. When the N2O gas flow rate becomes higher than about 400 seem, the relative dielectric constant 
(k) Increases as the N2O gas flow rate becomes higher. The Insulating film showed the dielectric breakdown- 
resistance when the N2O gas flow rate is equal to 400 seem or less, and did not show the dielectrfc breakdown- 
resistance when the N2O gas flow rate was 600 seem, 
(6) Sixth embodiment 

[0069] A sixth embodiment of the present invention will be described with reference to FIG. 12. 
[0070] FIG 12 is a graph illustrating states of a change of a relative dielectric constant (k) of an insulating film relative 
to a He gas flow rate in a film forming gas, and a relationship of a dielectrte breakdown -resistance of the insulating film 
after annealing with the He gas flow rate and the relative dielectric constant (k). 

[0071] First, the preparation conditions of the samples S10 to S14 used for this investigation will be described. The 
treatment conditions prior to the film fonnation and the annealing conditions are the same as those of the first embod- 
iment. The film fomning conditions are as follows. 

(Film fonning condition VI) 

[0072] 

(i) condition of film forming gas 

HMDSO flow rate: 50 seem 
N2O flow rate: 400 seem 

He flow rate: parameters (100, 200, 400, 600 and 800 seem, each corresponding to the samples S10 to S14) 
gas pressure (P): 1 Torr 

(II) condition for plasma formation 

high frequency power (13.56 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(Hi) substrate heating temperature: 375 **C 
(iv) fomied silicon-containing Insulating film 

film thickness: 100 nm 

relative dielectric constant: see FIG. 12 

Measurement of the relative dielectric constant was conducted before annealing in the same manner as the 
first erhbodiment. Measurement of the dielectric breakdown-resistance was conducted in the same manner as that 
of the measurement method of the leakage current of the first embodiment. 

FIG 12 is the graph illustrating the states of the change of the relative dielectric constant (k) of the insulating 
film relative to the He gas flow rate In the film forming gas, and the relationship of the dielectric breakdown-resist- 
ance of the insulating film after annealing with the He gas flow rate and the relative dielectric constant (k). 

in FIG. 12, the ordinate Indicates the relative dielectric constant (k) expressed by a linear scale, and the ab- 
scissa indicates the He gas flow rate (seem) in the film fomrting gas, which Is expressed by a linear scale. 

According to the results shown In FIG. 1 2, as the He gas flow rate became higher, the relative dielectric constant 
(k) gradually Increased. When the He gas flow rate was equal to 400 seem or less, the Insulating film did not show 
the dielectric breakdown-resistance, and came to show the dielectric breakdown-resistance when the He gas flow 
rate exceeded 400 seem. 
(7) Seventh embodiment 

[0073] A seventh embodiment of the present invention will be described with reference to FIG. 1 3. 
[0074] FIG. 1 3 is a graph Illustrating states of a change of a relative dielectric constant (k) of an Insulating film relative 
to a NgO gas flow rate in a film fomiing gas and a relationship of a dielectric breakdown-resistance of the insulating 
film after annealing with the NgO gas flow rate and the relative dielectric constant (k). The seventh embodiment differs 
from the fifth embodiment (FIG. 11) in that the film fomiing gas contains a NH3 gas. 

[0075] First, the preparation conditions of the samples SI 5 to 81 9 used for this Investigation will be described. The 
treatment conditions prior to the film fonnation and the annealing conditions are the same as those of the first embod- 
iment. The film fomiing conditions are as follows. 
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(Rim forming condition VII) 
[0076] 

(i) condition of film fomiing gas 

HMDSO flow rate: 50 seem 

He flow rate: 400 seem 
gas pressure (P): 1 Ton- 

(ii) condition for plasma fomnatlon 

higli frequency power (13.66 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(III) sut)strate heating temperature: 375 *»c 
(iv) fonned silicon-containing insulating film 

film thickness: 100 nm 

relative dielectric constant: see FIG. 13 

that ofthe measurement method of the leakage current of the first embodiment 

K nr°??t f*"*;"" '".»» P'«M i"«ntion will te descrttod win, rsferera to FIG. 14 

(Rim fomiing condition VIII) 
[0080] 

(i) condition of film forming gas 

HMDSO flow rate: SO seem 
N2O flow rate: 400 seem 

Z"!Z2\nTSr ' «>"««P0"*"9 to the samples S20 to S24) 

(Ii) condition for plasma formation 



high frequency power (13.56 MHz) PRR 250 W 
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low frequency power (380 KHz) PLF: 0 W 

(ili) substrate heating temperature: 375 '^C 
(iv) formed sjlicon-containing insulating film 

film thickness: 100 nm 

relative dielectric constant: see FIG. 14 

Measurement of the relative dielectric constant was conducted in the same manner as the first embodiment 
before annealing. Measurement of the dielectric breakdown-resistance was conducted in the same manner as 
that of the measurement method of the leakage current of the first embodiment. 

FIG. 14 is a the graph illustrating the states of the change of the relative dielectric constant (k) of the Insulating 
film relative to a NH3 gas flow rate in the film fonning gas and the relationship of the dielectric breakdown-resistance 
of the insulating film after annealing with the NH3 gas flow rate and the relative dielectric constant (k). 

in FIG. 14, the ordinate Indicates the relative dielectric constant (k) expressed by a linear scale, and the ab- 
scissa indicates the NH3 gas flow rate (seem) In the film fonning gas, which Is expressed by a linear scale. 

According to the results shown In FIG. 14, when the NH3 gas flow rate was 50 seem, the relative dielectric 
constant was about 3. Then, as the NH3 gas flow rate Increased, the relative dielectric constant (k) rapidly In- 
creased, and the relative dielectric constant (k) stabilized at an almost certain value (about 5) In case of 400 seem 
or more of the NH3 gas flow rate. All of the samples S20 to S24 showed the dielectric breakdown-resistance. 
(9) Ninth embodiment 

[0081 1 Based on the foregoing fourth to eighth embodiments, It was proved that the dielectric breakdown-resistance 
is larger as the relative dielectric constant Is higher Therefore, it is difficult for the single layers composed of the 
insulating films according to the fourth to eighth embodiments to meet the demand for a low relative dielectric constant 
and a high dielectric breakdown-resistance. In order to meet this demand, it is suitable that the insulating film is at least 
composed of two or more layers, in which an Insulating film showing an excellent dielectrte breakdown-resistance in 
spite of a high relative dielectric constant and an insulating film showing a low relative dielectric breakdown -resistance 
in spite of a low relative dielectric constant are stacked. In this case, particularly in order to satisfactory meet a demand 
for the low relative dielectric constant and the high dielectric breakdown-resistance, It is preferable that an insulating 
film showing an excellent dlelec^lc breakdown-resistance is made to be thin and an insulating film showing a low 
relative dielectric constant Is made to be thick. 

[0082] The experiment results of the ninth embodiment of the present invention conducted in complying with this 
spirit will be described with reference to FIGs. 15 to 18. 

[0083] The ninth embodiment differs from the fourth to eighth embodiments in that an insulating film composed of a 
underiying film (symbol q covering copper and a main insulating film (symbol O) fomied on the underlying film is 
formed. The thickness of the underlying film was set to 1 0 nm, and the thickness of the main insulating film was set to 
90 nm. In this embodiment, the dielectric breakdown-resistance of the entire two-layered structure fomried of the two 
Insulating films was investigated. 

[0084] In FIG. 15, the sorts (L1 to L3) of the underiying films prepared by changing the gas pressure P are shown, 
and the relationship between the gas pressure P and the relatwe dielectric constant is shown. 
[0085] In FIG. 16, the sorte (L4 and L5) of the underiying films prepared by changing the N2O gas flow rate are 
shown, and the relationship between the N2O gas flow rate and the relative dielectric constant is shown. 
[0086] In FIG. 17, the sorts (U1 to US) of the main insulating films prepared by changing the gas pressure P are 
shown, and the relationship between the gas pressure P and the relative dielectric constant Is shown. 
[0087] In FIG. 18, the results obtained by Investigating the dielectric breakdown-resistance of the two-layered Insu- 
lating film (S25 to S31) in which the underiying film of FIGs. 15 and 16 and the main insulating film of FIG. 17 are 
combined. 

[0088] FIG. 16 Is a graph illustrating states of a change of the relative dielectric constant (k) of a underlying film 
relative to the gas pressure (P) of a film fomning gas. In FIG. 15, the ordinate indicates the relative dielectric constant 
(k) expressed by a linear scale, and the abscissa indicates the gas pressure (P) (Torr) of the film fomning gas. which 
is expressed by a linear scale. 

[0089] First, the preparation conditions of the samples LI to L3 used for this investigation will be described. The 
treatment conditions prior to the film f omnation and the annealing conditions are the same as those of the first embod- 
iment. The film fonnlng conditions are as follows. 
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(Rim forming condition IX) 
[0090] 



(1) condition of film fomiing gas 

HMDSO flow rate: 50 seem 
N2O flow rate: 400 seem 
He gas flow rate: 400 seem 

gas pressure (P): 0.5. 1.0 and1.5 Ton- (0.5 TorrforL1.1.0TorrforL2,and1.5Torr 
(ii) condition for plasma formation 



high frequency power (13.56 MHz) FRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(III) substrate heating temperature: 375 *»C 

(IV) fonned slllcon-contalning Insulating film (underlying film) 

film thickness: 10 nm 

relative dielectric constant: see FIG. 15 



(Rim fomiing condition X) 
[0091] 

(i) condition of film fomiing gas 

HMDSO flow rate: 60 seem 

N2O flow rate: 1 00 and 400 seem ( 1 00 seem for L4. and 400 seem for L5) 
He gas flow rate: 400 seem 
gas pressure (P): 1 .0 Ton- 

(ii) condition for plasma fomiation 



high frequency power (13.66 MHz) PRF: 250 W 
low frequency power (380 KHz) PLF: 0 W 

(ill) substrate heating temperature: 376 «C 

(iv) fomied silicon-containing Insulating film (underlying film) 

film thickness: 10 nm 

relative dielectric constant: see FIG. 1 6 
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Measurement of the relative dielectric constant was conducted in thie same manner as the first embodiment 
before annealing. 

According to the results shown In FIG. 16, when the NgO gas flow rate was 100 seem, the relative dielectric 
constant was about 3.1 , and when the NgO gas flow rate was 400 seem, the relative dielectric constant was about 
2.9. 

FIG. 17 is a graph illustrating states of a change of a relative dielectric constant (k) of a main Insulating film 
relative to a gas pressure P of the film fonning gas, which is prepared under a film fonning condition XI. In FIG. 
1 7, the ordinate indicates the relative dielectric constant (k) expressed by a linear scale, and the abscissa Indicates 
the gas pressure (Ton-) of the film fomiing gas, which is expressed by a linear scale. 

First, the preparation conditions of the samples U1 to U3 used for this Investigation will be described. The 
treatment conditions prior to the film formation and the annealing conditions are the same as those of the first 
embodiment. The film fomning conditions are as follows. 

(Film forming conditk>n XI) 

[0092] 

(i) condition of film forming gas 

HMDSO flow rate: 50 scorn 
N2O flow rate: 400 scorn 
He flow rate: 400 seem 

gas pressure (P): 0.6, 1 .0 and 1 .5 Ton' (0.6 Ton- for U1 , 1 .0 Torr for U2. and 1 .5 Ton- Is for US) 

(li) condition for plasma fomnatlon 

■high frequency power (13.66 MHz) PRF: 260 W 
low frequency power (380 KHz) PLF: 0 W 

(ill) substrate heating temperature: 376 **C 

(Iv) fornied silicon-containing insulating film (main insulating film) 

film thickness: 90 nm 

relative dielectric constant: see FIG. 17 

Measurements of the relative dielectric constant were conducted before annealing in the same manner as that 
of the first embodiment. 

According to the results shown in FIG. 17, as to the main insulating film, when the gas pressure was 0.7 Torr, 
the relative dielectric constant was about 3.1, and when the gas pressure was 1.0 Torr, the relative dielectric 
constant was about 2.9. When the gas pressure was 1 .6 Torr, the relative dielectric constant was about 2.7. 

Next, concerning the two-layered Insulating film (S25 to S31 ) In which the main insulating film (U1 to U3) and 
the various underiying films (LI to L6) are combined, the dielectric breakdown-resistance acquired will be de- 
scribed. The insulating film S26 is obtained by combining the underlying film LI and the main Insulating film U1 . 
The Insulating film S26 Is obtained by combining the underiying film LI and the main insulating film U2. The insu- 
lating film S27 is obtained by combining the underiying film LI and the main Insulating film U3. The Insulating film 
S28 Is obtained by combining the underiying film L2 and the main Insulating film U3. The Insulating film S29 Is 
obtained by combining the underlying film L3 and the main Insulating film U2. The insulating film S30 Is obtained 
by combining the underlying film L4and the main insulating film U3.TheinsulatingfllmS31 is obtained by combining 
the underiying film L5 and the main insulating film US. 

FIG. 1 8 Is a graph Illustrating a dielectric breakdown-resistance acquired for the samples S25 to S31 . The 
abscissa indicates the relative dielectric constant of the underlying film, which is expressed by a linear scale, and 
the ordinate indteates the relative dielectric constant of the main Insulating film, which is expressed by a linear 
scale. Measurements of the dielectric breakdown-resistance were conducted according to the same method as 
the measurement method of the leakage cun-ent of the first embodiment. 

According to FIG, 18, only the sample S29 has insufficient dielectric breakdown-resistance, and the samples 
other than the sample S29 have sufficient dielectric breakdown-resistance. Herein, with respect to the relative 
dielectric constant of the underiying films, only the sample S29 has a relative dielectric constant as low as 2.7, and 
the samples other than the sample S29 have relative dielectric constants of 2.9 or more. Moreover, with respect 
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Claims 

1 . A method of manufacturing a semiconductor device, comprising the steps of: 
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substrate (21) on which at least any one of a wiring and an electrode mainly made of a copper film is fonfned; 
supplying a film forming gas containing an alkyi compound and an oxygen-containing gas between the first 
and second electrodes (2), (3), and regulating a gas pressure of the film fonning gas to 1 Torr or less; and 
supplying the high frequency power to any one of the first and second electrodes (2). (3) to convert the film 
fomfiing gas into a plasma, and allowing the alkyI compound and the oxygen-containing gas of the film fonning 
gas to react with each other and thus form a barrier insulating film covering any one of the wiring and the 
electrode. 

2. The method according to claim 1 , 

wherein the alkyI compound Is any one of hexamethyldisiloxane (HMDSO :(CH3)3Si-0-Si(CH3)3), octame- 
thylcydotetrasiloxane (OMCTS), tetramethylcyclotetrasiloxane (TMCTS) and octamethyltrislloxane (OMTS). 

3. The method according to claim 1 , 

wherein the alkyI compound is any one of monomethylsilane (SiHsCCHa)), dimethylsllane (SiH2(CH3)2), tri- 
methylsilane (SiH(CH3)3) and tetramethylsilane (Si(CH3)4). 

4. The method according to claim 1 , 

wherein the alkyI compound Is a compound having an O-SI-O bond. 

5. The method according to claim 4, 

wherein the compound having the O-Si-O bond is CH3-0-Si(CH3)2-0-CH3. 

6. The method according to claim 1 , 

wherein the oxygen-containing gas is any one of Og, NgO, HgO and COg. 

7. The method according to claim 6, 

wherein the oxygen-containing gas is N2O, and a flow rate of the oxygen-containing gas relative to the alkyI 
compound is equal to 8 or less. 

8. The method according to claim 1 , 

wherein the film fomning gas contains a dilution gas composed of at least any one of He and Ar. 

9. The method according to claim 8, 

wherein the dilution gas is He, and a flow rate of the dilution gas relative to the aikyi compound is equal to 
8 or more, 

10. The method according to any one of claims 1 , 8 and 9, 

wherein the film forming gas contains hydrocarbon. 

11. The method according to claim 1 0, 

wherein the hydrocarbon is any one of methane (CH4), acetylene (C2H2) and ethylene (C2H4). 

12. The method according to claim 1 , 

wherein any one of an ammonium gas and a nitrogen gas is added to the film fonning gas at least at an early 
stage of the step of converting the film forming gas into the plasma and allowing the alkyI compound and the 
oxygen-containing gas of the film forming gas to react with each other and thus fomri the barrier insulating film 
covering any one of the wiring and the electrode. 

13. The method according to any one of claims 8 and 9, 

wherein the flow rate of the dilution gas is increased at least at an early stage of the step of converting the 
film forming gas into the plasma and allowing the alkyI compound and the oxygen-containing gas of the film fonning 
gas to react with each other and thus fonn the barrier insulating film covering any one of the wiring and the electrode. 

14. The method according to claim 1 , 

wherein in the step of fonning the bamer insulating film, the bamer insulating film is fonned while increasing 
a pressure of the film fonning gas from a low pressure to 1 Torr gradually. 

15. The method according to claim 1 , 
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16. The method according to claim 1 

covering any one of the wirinq and the electrode tho tTnh ''^'""er insulating film 

second eleXodes (2). (3) 3low freaS^^^^^^ o ^S"'""^ '"^'P""*' '° ""^ ''^ 

1 MHz is supplied to fte 61^07(3]^ S^tZ th t ^ . 7 '° °' ^° "^"^ «han 

HH w me eiectrode (3), (2) other than that supplied with the high frequency power 

17. The method according to claim 1 



EP 1 321 976 A2 




EP 1 321 976 A2 



FIG. 2A 



ALKYL COMPOUND | 




1 


OXYGEN-CONTAINING GAS f 




1 


GAS PRESSURE ( 


=<1Torr 


) 


HIGH FREQUENCY POWER | 




1 



FIG. 2B 

ALK YL COMPOUND \ ~~\ 

OXY GEN-CONTAINING GAS 1 | 

GAS PRESSURE O.STorr - | 1T orr 

HIGH FREQUENCY POWER | 1 



nG.2C 



ALKYL COMPOUND 



OXYGEN-CONTAINING GAS 



1 



GAS PRESSURE KUorrr 



>1Torr 



HIGH FREQUENCY POWFR 



EP 1 321 976 A2 



FIG. 2D 
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